Abstract -A twin unidirectional turbine topology has been proposed as a power module for an OWC based wave energy plant. It has no valves or moving parts and demonstrates high efficiency over a broad range of flow coefficients. Scaling laws show that a turbine of 2.6 m diameter is sufficient to achieve a power rating of 2 MW, Thirty one such modules can be used to produce an annual output of 50 GWh.
I. INTRODUCTION
It is well accepted that wave energy has tremendous promise as a source of renewable energy. Indeed, Scotland has announced a prize for a plant that generates 100 GWh over a two year period in Scottish waters . As of today, the wave energy plant at Vizhinjam, India, is the only surviving near shore oscillating water column (OWC) based wave energy plant with an open published track record. This paper provides some results that would enable the design of a 50 GWh wave energy plant.
An OWC plant involves a three stage energy conversion process. Changes in sea surface elevation are converted to pneumatic energy in the OWC. A turbine is used to convert the pneumatic energy into mechanical shaft power and a grid connected induction generator coupled to the same shaft generates the power that is exported. Thus the overall efficiency of the plant is the product of the efficiency of each stage. More importantly, it has also been learnt the hard way that the overall efficiency is linked to the proper matching of the turbine and the OWC.
In recent years, the power take-off mechanism in the OWC based wave energy plant has generally comprised of a bidirectional turbine and an electrical machine. Experience exists with both Wells [1, 2, 3] and impulse turbines [4] . An alternative to the use of a bidirectional turbine is an approach utilizing a unidirectional turbine with two or four valves that act to force air into the turbine in the same direction during exhale or inhale. Although it has had success in navigational buoys for 30 years, the principle was not adopted in larger plants.
However one group that has made great contributions in the sheer number of different conceptual designs for turbines [5, 6, 7] proposed a unidirectional turbine that showed good efficiency over a broad range. A new topology with twin turbines was proposed with a promise of yielding 50% wave to wire efficiency in an OWC configuration. A laboratory model of the concept was built at IIT Madras.
II. DESIGN OF THE CAISSON
The Indian wave energy plant has an opening of 10 m while the closest comparable one at Sakata Port, Japan has an opening width of 24 m. The other difference in designs is the provision of a harbour wall in the Indian OWC. Model results for this OWC showed efficiencies of the order of 80% under optimum damping conditions. Measured efficiencies in the Indian plant and the Japanese plant consistently exceed 60% [8] . Thus it would seem attractive to construct a modular OWC with an opening of 20 m [9] . At an average incident energy of 24 kW/m which is available at various regions off the coast of Scotland, the average incident energy per module will be 480 kW [9] . It is expected that the average over a day can exceed 40 kW/m, leading to an average input of 800 kW for an OWC module.
III. THE UNIDIRECTIONAL IMPULSE TURBINE
A very good design of a unidirectional turbine was proposed by Takao et al [5] . Fig. 1 shows the C t and C a characteristics of the turbine as the function of . The overall efficiency under steady flow conditions exceeds 60% over a flow coefficient varying from 0.146 to 0.948 which is higher than that can be achieved with a well's type configuration. Here Ca and Ct are defined as 2 ) ( The efficiency characteristic of the unidirectional turbine is also illustrated in Fig. 1 . The twin unidirectional turbine topology [10] IV. THE TWIN UNIDIRECTIONAL TURBINE TOPOLOGY The basic arrangement of the twin unidirectional topology proposed by [10] is shown in Fig. 2 . The power take off mechanism utilizes two unidirectional turbines, T 1 and T 2 coupled to a common electrical generator.
It was conjectured that during intake, the air would flow into the OWC via the turbine T 1 and during exhaust the air would flow out from the OWC through T 2 . The use of twin unidirectional turbines ensures that, even without the use of valves, each turbine in effect works for half a cycle.
V. DESIGN OF THE TURBINE AND POWER MODULE The optimum damping of the OWC corresponds to a specified form of the differential pressure or flow rate of the turbine. In other words, the turbine diameter is so chosen that the pressure vs flow characteristics matches that of the best damping of the OWC. Once the diameter of the turbine is fixed, design parameters such as the number of blades, Z, the blade height, B and the chord length, l, are fixed. The operating speed of the turbine is chosen to ensure that the operating flow coefficient corresponds to that required for maximum efficiency of the turbine. The variation of the efficient of the unidirectional turbine with flow coefficient is shown in Fig. 2 . The normal operating point (speed and flow coefficient) of the turbine is designed to correspond to the region around the peak of the efficiency curve.
Consider a location off the coast of Scotland wherein it is feasible to obtain an average incident wave power of 24 kW/m over a year [9] . This value can exceed 40 kW/m on some days. At an average wave power input of 24 kW/m, the incident wave power for a single OWC with a 20 m opening is 480 kW.
With an OWC efficiency of 0.7, the average pneumatic power is 336 kW. Assuming a conservative estimate of 0.62 for the twin unidirectional turbine efficiency, the average pneumatic power available is 208.32 kW. With an easily achievable generator efficiency of 0.9, we obtain 188 kW of electrical power from each OWC module using a 2.6 m twin turbine topology as the power take off mechanism. A requirement of 50 GWh over a year ( or 100 GWh over two years ) implies a 5700 kW plant at 100% availability over the year. Since a single OWC with a width of 20 m and a 2.6 m turbine is sufficient to produce 188 kW, 31 such units can thus satisfy the requirement of 50 GWh over a year. Incidentally, this is the rating required for meeting the Saltire Challenge [12] .
It may be noted that, in the situation presented above, the maximum average wave power input can be as high as 40 kW/m. This leads to a maximum average pneumatic power of 560 kW at the turbine input. As the peak pneumatic input power to the turbine can be as high as six times the average, the highest instantaneous input to the turbine is 3360 kW. The corresponding peak turbine output with 62% efficiency would then be 2083 kW.
The optimum value of turbine diameter was calculated to be 2.6 m, and the operating speed was 375 rpm. With an induction machine, the pull out torque of the motor is chosen to withstand the peak torque produced by the turbine. The thermal rating of the machine will be equivalent to the average power produced over a day.
VI. RESULTS
As a proof of concept of the twin unidirectional topology, a scale model was constructed and tested. The orifice of the OWC had a diameter of 165mm.The model used two 70 mm turbines which were integrally coupled to brushless dc motors. The model was tested in a 2 m wave flume. The experimental setup is illustrated in Fig. 3 . The wave to wire efficiency obtained was around 40% [11] .
Further, a bigger model was constructed using turbines with a diameter 165 mm. Each turbine was coupled directly to a 375 W, 3 phase squirrel cage induction machine operating at 3000 rpm at 50 Hz. The model was driven using an oscillatory flow test rig. The model is shown in Fig. 4 . Experiments validated the conjecture of each turbine working for only one half cycles. The model could easily generate more than 500 W of electrical power during routine tests.
OWC in 2m flume
TWIN TURBINE MODEL The proposed design of the turbine was simulated to estimate the electrical power output from each OWC module. The electrical power output of a 2.6 m unidirectional turbine coupled to a 2.5 MW induction generator, is estimated using the differential pressure data measured from the Indian wave energy plant site and is illustrated in Fig. 5 . For this simulation, a more conservative estimate of 60% OWC efficiency was used. The highest single cycle pneumatic power is 2.88 MW. The corresponding peak electrical output is 1.5 MW. The 2.6 m unidirectional turbine will reach a peak flow coefficient of 1.28 with this power as can be seen from Fig. 6 .
It is clear that a completely feasible design now exists for a commercial wave energy plant that can produce 100 GWh over two years. The actual costs are strongly dependent on the civil construction associated with the OWC and this is location dependent. A recent study shows that near shore bottom standing OWC based wave energy plants off the coast of Scotland can achieve a price of 9.6 pence/kWh [9] . This was based on an assumption of 65% turbine efficiency.
VII.
DISCUSSION
We propose the design of an OWC based wave energy plant for generating 50 GWh over one year [12] . The OWC based plant is designed to operate using a turbine of diameter 2.6 m, while for similar shaft powers, the design of a wind turbine would typically exceed 100 m in diameter. The proposed design, using a conservative estimate of around 39% for the overall wave to wire efficiency requires 31 modules, which cover a length of 620 m. Since the construction of the OWC is envisaged to be an integrated breakwater type, this design is perfectly feasible. In any case power will be more than sufficient for a port which needs the breakwater. An added advantage of using a breakwater type design is that the power connections can be made using normal cables, without using any sub-sea cables.
The OWC based plant avoids direct contact of sea water with the turbines or any other moving parts, reducing the maintenance requirement of the plant. Operational experience with the Indian Wave Energy plant at Vizhinjam has shown that the breakwater type design is structurally solid for more than 18 years.
Based on a techno-commercial study of the OWC plant, conducted under Indian conditions, the average cost of generated electric power is around Rs. 4/ kWh, for an average wave power input of 15 kW/m [13] . The price would be considerably lower for European wave conditions where the average input power can be over 20 kW/m in most regions.
VIII.
CONCLUSION We have demonstrated the utility of a twin unidirectional turbine topology as a power module in OWC based wave energy plants. We have shown that it is feasible to design a modular OWC based wave energy plant using the twin unidirectional topology to generate up to 100 GWh over a period of two years. An integrated breakwater type design would be best suited for the purpose. The cost of electricity generated is also reasonable.
